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The present study aims to improve the current understanding of 3q29 deletion-associated 119 neuropsychiatric and neurodevelopmental phenotypes, and ASD in particular, by examining data 120 from comprehensive, standardized questionnaires in the largest cohort of individuals with 121 3q29Del ever assembled. Developing a clearer and more comprehensive picture of 3q29 122 deletion-associated phenotypes will aid in management of the syndrome for both families and 123 clinicians, which may in turn improve long-term outcomes. Additionally, a careful description of 124 the phenotypic spectrum of 3q29Del provides a basis for cross-disorder comparison between 125 genomic disorders, which may ultimately create inroads for identifying common mechanisms 126 underlying 3q29Del and similar CNV disorders. 127
METHODS AND MATERIALS 128
Sample 129 neurodevelopmental disorder were excluded (n = 1). Description of the study sample can be 143 found in Table 1 . This study was approved by Emory University's Institutional Review Board 144 (IRB00064133). 145 Four standardized questionnaires were used to assess ASD-related symptomology and 157 general behavioral problems in the participants. The Social Responsiveness Scale (SRS; 158 preschool, school-age, and adult forms; n = 48 3q29Del, 56 controls) is a 65-item, 4 point Likert-159 scaled questionnaire designed to assess ASD-related symptoms along a normative continuum 160 [25] . The Social Communication Questionnaire (SCQ, n = 33 3q29Del, 46 controls) is a 40-item, 161 yes/no questionnaire designed to assess ASD-related symptoms keyed to DSM criteria [26] . The 162
Autism Spectrum Screening Questionnaire (ASSQ, n = 24 3q29Del, 35 controls) is a 27-item, 163 yes/somewhat/no questionnaire designed to assess ASD-related symptoms in high-functioning 164 individuals with no to mild ID [27] . The Child Behavior Checklist (CBCL) and Adult Behavior 165 Checklist (ABCL) are 100-, 113-, or 126-item (CBCL preschool, CBCL school-age, and ABCL, 166 respectively; n = 48 3q29Del, 57 controls), 3 point Likert-scaled questionnaires designed to 167 assess behavioral or developmental problems [28, 29] . Data from the CBCL and ABCL were 168 pooled for analysis. All standardized questionnaires were adapted for the online 3q29 deletion 169 registry and were completed by the participant or parent/guardian of the participant upon 170 registration. Some participants were not eligible to complete the standardized questionnaires 171 because the proband was too young. Demographic characteristics of the respondents for each 172 questionnaire can be found in Table S1 , demonstrating that the average age and sex distribution 173 of participants who completed the medical and demographic questionnaire was not different 174 from the average age and sex distribution of participants who completed each standardized form. 
Sensitivity Analysis 199
The questionnaires for 90 participants with 3q29Del (96.8%) were completed by a parent 200 or guardian ("parent-registered"), while 3 participants with 3q29Del (3.2%) completed all 201 assess whether responses from the self-registered 3q29Del participants were influencing the 203 results, self-registrants were removed and the data were re-analyzed. Self-registrants were not 204 found to have a significant effect on the analyses (Tables S2 and S3 ). All results include both 205 parent-and self-registrants. 206
RESULTS 207

Self-report of neuropsychiatric diagnosis in 3q29Del 208
Self-report of neuropsychiatric diagnoses in our 3q29Del study subjects (Table 2 ) 209 revealed a higher prevalence of neuropsychiatric disorder diagnoses compared to controls, 210 including anxiety (26.9%), and compared to general population frequencies, including ASD 211 (30.1%, Figure 2A ) and GDD/MR (59.1%) ( Table 2) , confirming prior work by our group [5] . 212
Reported rates of conduct disorder (3.2% vs. 3.5%) and oppositional defiant disorder (3.2% vs. 213 3.5%) were similar to those observed in the general population. While a small proportion of 214 participants reported diagnoses of bipolar/manic depression (5.4%), depression (6.5%), and 215 schizophrenia (4.3%), we focused on ASD due to the young age (mean = 10.1 years) of our study 216 population, since many study participants have not reached the age of risk for schizophrenia and 217 other adult-onset disorders. Despite this young age, the self-reported rate of SZ diagnoses in our 218 adult study subjects (age > 18 years, n = 13) was 15-30 times higher than expected (15.4% 219 compared to an expected 0.5-1% in the general population; n = 2) [34-38] and the frequency of 220 bipolar disorder was ~1.8 times higher than expected [39] . A summary of neuropsychiatric 221 diagnoses can be found in Table 2 . 222
[ Table 2 here] 223
SRS, SCQ, ASSQ, and CBCL/ABCL scores 224
In 3q29 deletion study subjects, the mean SRS score was in the moderate range (T-score 225 CBCL/ABCL score was in the borderline range (T-score = 62.5). The mean SCQ score in 3q29 227 deletion carriers was at the extremely high end of the normal range (mean = 13.9, clinical cutoff 228 = 15) and elevated as compared to controls (mean = 3.5). Mean scores for typically developing 229 controls were all in the normal range (SRS T-score = 45.9, ASSQ mean = 2.2, CBCL/ABCL T-230 score = 41.8, SCQ mean = 3.5) ( Figure 1 ). Participants with 3q29Del scored significantly higher 231 than typically developing controls on all four scales (p < 3.0E-12, Table S4 ). 232
Standardized scores stratified by ASD diagnosis 233
Next, we examined the relationship between SRS scores and reported ASD diagnosis, to 234 determine whether the score inflation we observed in our study population as a whole was 235 largely due to the increased prevalence of ASD. As expected, we observed that individuals with 236 3q29Del and an ASD diagnosis scored significantly higher than both controls and individuals 237 with 3q29Del without an ASD diagnosis (3q29Del with ASD T-score = 82.41, 3q29Del without 238
ASD T-score = 65.90, control T-score = 45.90, p < 3.0E-13, Figure 2B ). We were interested to 239 observe that individuals with 3q29Del without an ASD diagnosis also scored significantly higher 240 than controls (3q29Del without ASD T-score = 65.90, control T-score = 45.90, p = 2.16E-13, 241 Figure 2B ), indicating that increased SRS scores in individuals with 3q29Del are not driven by 242 ASD diagnostic status alone (Table S5) . Similar features were observed in the contribution of 243 ASD diagnosis status to SCQ scores ( Figure S1 , Table S6 ). 244
Standardized scores stratified by sex 245
Both males and females with 3q29Del reported a significantly increased frequency of 246 ASD diagnoses, with a substantially greater burden for ASD on females with 3q29Del. Males 247 with 3q29Del are at 15-fold increased risk for ASD as compared to the general population 248 (37.0% vs. 2.34%, OR = 24.6, p = 6.06E-09) and females are at 39-fold risk compared to the male:female ratio in our study population of 1.8:1, as compared to the general population ratio of 251 4:1. Taken together, this indicates that the 3q29 deletion elevates the risk for ASD in females 252 more substantially than in males. 253
Based on the sex differences in ASD risk for individuals with 3q29Del, we also examined 254 possible sex differences in scores. We found that both males and females with 3q29Del scored 255 significantly higher than controls (3q29Del male T-score = 74.31, control male T-score = 45.80, 256 p = 7.70E-11; 3q29Del female T-score = 68.73, control female T-score = 46.04, p = 7.42E-09), 257 but they did not score significantly differently from each other (3q29Del male T-score = 74.31, 258 3q29Del female T-score = 68.73, p > 0.05, Figure 2C ). After stratifying our study population 259 further by sex and ASD diagnosis status, we determined that both male and female 3q29Del 260 participants without an ASD diagnosis had significantly higher scores than controls (3q29Del 261 male without ASD T-score = 66.29, control male T-score = 45.80, p = 1.20E-06; 3q29Del female 262 without ASD T-score = 65.69, control female T-score = 46.04, p = 5.04E-07; Figure 2D ). Taken 263 together, this suggests that increased SRS scores in individuals with 3q29Del are not driven by 264 sex alone or by sex and ASD diagnosis status in combination (Table S5) ; rather, the presence of 265 the deletion itself confers a greater risk for social disability. Furthermore, these data show an 266 enrichment for female ASD in our study population, based on the reduction in male bias and the 267 highly similar scores between males and females with 3q29Del, irrespective of ASD diagnosis 268 status. Similar features were observed in the contribution of sex to SCQ scores ( Figure S1 , Table  269 S6). 270
ASD presentation of 3q29Del 271
While total scores on the SRS, SCQ, ASSQ, and CBCL/ABCL can give an indication of 272 the overall level of impairment of individuals, sub-scores can reveal nuanced deficits in specific
Cognition, Social Communication, Social Motivation, Restricted Interests and Repetitive 275
Behaviors, and Social Communication and Interaction) to better understand the extent of social 276 disability in our study population; our goal was to determine whether our observed total score 277 inflation was due to a specific severe deficit in a few domains, or if individuals with 3q29Del 278 showed high scores across all sub-scales. The mean score for the Restricted Interests and 279
Repetitive Behaviors sub-scale was in the severe range (T-score = 77.3). Mean scores for Social 280 Awareness (T-score = 67.3), Social Cognition (T-score = 69.1), Social Communication (T-score 281 = 69.7), and Social Communication and Interaction (T-score = 69.5) were all in the moderate 282 range. Notably, the mean score for Social Motivation was in the mild range (T-score = 62.1, 283 Figure 3A , Table 3 ). This sub-score profile is strikingly different from that observed in studies of 284 idiopathic ASD, where children tend to score equally high on all sub-scales (3q29Del Social 285
Motivation T-score = 62.1, idiopathic ASD Social Motivation T-score = 78.4, p = 7.66E-11) 286
[41]. This atypical behavioral profile is supported by clinical data; direct assessment of 287 individuals with 3q29Del by clinicians affiliated with the Emory 3q29 Project 288 (http://genome.emory.edu/3q29/) show less impaired social motivation as compared to children 289 with idiopathic ASD. 290
ASD presentation stratified by sex 291
To determine whether this unusual SRS sub-score profile was influenced by sex, we 292 examined profiles of male and female 3q29 deletion carriers separately. We found that the shape 293 of the profiles were identical, with males scoring on average 5 points higher than females on 294 every sub-scale (p > 0.05, Figure 3B , Table 3 ). This shows that the social disability in 3q29Del is 295 not qualitatively different between males and females, nor is the degree of social disability 296 distinct between males and females.
We then stratified our study subjects according to reported ASD diagnosis status and 299 examined subscale scores separately for 3q29Del individuals reporting a diagnosis of ASD and 300 those not reporting a diagnosis of ASD. We observed that the shape of the profile is shared 301 between 3q29Del individuals reporting a diagnosis of ASD and those not reporting a diagnosis of 302 ASD, with individuals reporting a diagnosis of ASD scoring on average 10-15 points higher on 303 every sub-scale ( Figure 3C ). As expected, 3q29Del participants with ASD scored significantly 304
higher on all sub-scales than 3q29Del participants without ASD (p < 0.005, Table 3 ); however, 305 3q29Del participants without ASD still scored significantly higher than controls on all sub-scales 306 (p < 5.0E-05, Table 3 ). 307
[ Table 3 here] 308
Additional neuropsychiatric phenotypes in 3q29Del 309
To further assess behavioral features associated with the 3q29 deletion, we examined the 310 DSM-oriented Attention Deficit/Hyperactivity Problems, Anxiety Problems, and Depressive 311
Problems sub-scales from the CBCL and ABCL. These DSM-oriented sub-scales align with 312 neuropsychiatric diagnoses reported by individuals with 3q29Del [5]. Individuals with 3q29Del 313 scored significantly higher than typically developing controls on all three scales (3q29Del 314
Attention Deficit/Hyperactivity Problems T-score = 61.0, control Attention Deficit/Hyperactivity 315
Problems T-score = 51.3, 3q29Del Anxiety Problems T-score = 60.9, control Anxiety Problems 316 T-score = 52.9, 3q29Del Depressive Problems T-score = 62.7, control Depressive Problems T-317 score = 52.3, all p < 0.001, Figure 3D , Table S7 ), supporting previous reports of increased risk 318 for neuropsychiatric phenotypes associated with the 3q29 deletion [5] . 319
Confounding due to heart defects and/or ID-related phenotypes 320
hypothesized to contribute to later neuropsychiatric and neurodevelopmental outcomes [42] [43] [44] [45] [46] [47] . 323
To determine if the high frequency of heart defects in our study population was driving adverse 324 neurodevelopmental outcomes within 3q29Del cases, we implemented generalized linear and 325 cumulative link models to assess the relationship between congenital heart defects and clinical 326 ASD diagnosis, GDD/MR diagnosis, and age at walking, which has been reported to be a 327 suitable proxy for ID in the absence of available IQ and adaptive behavior measures [48] . 328
Congenital heart defects were not associated with self-reported ASD or GDD/MR diagnoses or 329 age at walking (p > 0.05, Table S8 ). Individuals with 3q29Del are also commonly diagnosed 330 with mild to moderate ID [5]. To ask whether ASD phenotypes or ASD features were 331 disproportionately overrepresented in individuals with more pronounced ID-related phenotypes 332 and/or heart defects, we stratified the data according to these phenotypes. Within our 3q29Del 333 study population, congenital heart defects were associated with significantly increased scores on 334 the SCQ and CBCL/ABCL (p < 0.05); however, reported GDD/MR diagnosis and age at 335 walking were not significantly associated with scores on the SRS, SCQ, ASSQ, or CBCL/ABCL 336 (p > 0.05, Table S9 ). These data indicate that ID-related phenotypes were not driving the 337 increased scores in our study population. 338
DISCUSSION 339
Previous studies have found enrichment of the 3q29 deletion in large samples ascertained 340 based on clinical ASD diagnosis [17, 18] . We have approached the association of 3q29Del with 341 ASD from a different angle; by ascertaining subjects with 3q29Del and investigating the 342 prevalence of reported ASD diagnosis and ASD-related phenotypes, the current study 343 complements the existing literature, providing additional evidence for the 3q29 deletion as a 344 genetic risk factor for ASD. Notably, the male:female ratio of self-reported ASD diagnosis in our in the general population. A substantial reduction in male bias in ASD prevalence has been 347 observed in studies of other CNVs and single-gene mutations; a recent study has shown that as 348 the severity of a mutation increases, the sex ratio in ASD prevalence approaches 1:1 [18]. Taken 349 together, this suggests that the 3q29 deletion is approaching the severe end of the spectrum of 350 ASD-associated mutations. 351
We have shown that compared to typically developing children, our 3q29Del sample is This profile is also observed when dividing scores for 3q29Del participants based on reported 373 ASD diagnosis. This qualitative difference from idiopathic ASD may serve as an inroad to 374 therapeutic interventions in 3q29Del, as well as an investigative inroad to a novel subtype of 375 ASD. Because social motivation appears to be relatively well-preserved in 3q29Del, this 376
suggests that therapies such as cognitive-behavioral therapy to teach social skills and effective 377 strategies for social interaction may be particularly successful in this patient population. 378 Some facets of the difference in ASD features between 3q29Del and idiopathic ASD are 379 recapitulated by the scores on the Withdrawn sub-scale of the CBCL and ABCL. Previous 380 studies utilizing the CBCL in idiopathic ASD have found that mean scores for participants with 381 ASD are in the borderline range, with over 50% of subjects scoring in the borderline or clinical 382 range [49, 50] . While 3q29Del participants generally, as well as males and females separately, 383 score significantly higher than controls, their mean score is still in the normal range ( Figure S2A  384 and B). However, 60% of 3q29Del participants reporting an ASD diagnosis score in the 385 borderline or clinical range ( Figure S2C , Table S10 ), which is in line with what is expected 386 based on studies of idiopathic ASD [49, 50] . This is in conflict with the relatively well-preserved 387 social motivation in 3q29Del individuals with ASD identified in our analysis of the SRS sub-388 scales and suggests that a more refined analysis is merited to identify the true degree of social 389 disability in this population. 390
We tested the hypothesis that the score inflation observed in our 3q29Del study subjects and errors or missing data in self-report measures, may obscure this relationship. Ongoing 395 studies with direct evaluation of study subjects [51] will address this question. 396
While this study is the most comprehensive study of behavioral phenotypes in 3q29Del to 397 date, it is not without limitations. All of the data used in the present study were collected from 398 questionnaires completed by the parents and guardians of individuals with 3q29Del, which 399 introduces several potential sources of bias. Some studies have questioned the validity and 400 reliability of parent-report data [52]; however, a recent study in Williams syndrome patients has 401
shown that parents are more accurate in predicting their child's social behaviors than the child 402 themselves [53] . The responses to the medical and demographic questionnaire are more likely to 403 include error due to the fact that the data is retrospective. By limiting our study to only a few key 404 points in the medical history (heart defects, age at walking, and ID/ASD diagnosis) we aimed to 405 reduce recall errors; however, we only had proxies for ID, rather than direct evaluation of 406 cognitive ability. Finally, there is likely ascertainment bias within our sample. First, our sample 407 of 93 individuals with 3q29Del is 87.1% white, indicating that we are not adequately reaching 408 minority populations. Second, parents that register their children and complete in-depth 409 questionnaires are likely to be highly motivated, possibly because their children experience 410 significant morbidity -a potential indication that we are sampling from the extreme of the 411 phenotypic distribution of 3q29Del. Thus, scores on the standardized questionnaires, as well as 412 rates of heart defects and clinical neuropsychiatric diagnoses, may be higher in our study sample 413 than in the general 3q29Del population. Additionally, the odds ratios calculated for the increased 414 risk for ASD associated with the 3q29 deletion may also be overestimated, due to the combined 415 effects of self-report data and ascertainment bias; however, if this increased risk is replicated 416 using gold-standard diagnostic measures, it could provide valuable insight into possible sex-defects and neurodevelopmental outcomes may be obscured by the high rate of patent ductus 419 arteriosus in 3q29 deletion syndrome [5] , which is a relatively mild heart defect; however, the 420 low number of participants with different types of heart defects rendered analyses to assess their 421 associations with neurodevelopment underpowered. Ongoing studies by the Emory 3q29 Project 422 While direct in-person evaluations are the ideal method to corroborate the findings of this 426 study, the low population frequency of the 3q29 deletion renders this approach infeasible for a 427 large number of study subjects. However, a small number of 3q29 deletion study subjects have 428 been directly assessed as part of the Emory 3q29 Project (http://genome.emory.edu/3q29/). We 429 confirm high concordance between registry-leveraged data and gold-standard direct evaluation, 430 as all participants qualifying for an ASD diagnosis based on gold-standard evaluation have 431 clinically significant scores on the SRS (Table S11 ). Five additional participants with a clinically 432 significant SRS score did not qualify for an ASD diagnosis, suggesting that the SRS is not 433 selectively identifying children with ASD in participants with 3q29Del, possibly due to the high 434 rates of reported anxiety in our study population. However, this comparison does suggest that our 435 analysis, though based on self-report data, reveals valid conclusions about behavioral phenotypes 436 in 3q29 deletion syndrome. For genetic syndromes with low population frequencies, data 437 collection through remote means such as online patient registries remains a valuable phenotyping 438 tool. 439
There are significant strengths of this study as compared to previous studies of 3q29Del. 440
First, this is the largest cohort of individuals with 3q29Del ever assembled. This is a critical step 441 in capturing the true phenotypic spectrum associated with the 3q29 deletion. Our use of standardized questionnaires and best practices allowed rigorous assessment of phenotypes in our 443 cohort. Additionally, our online patient registry allows for remote data collection, which has 444 enabled us to expand our sample size. This study has shown that high-quality, comprehensive 445 medical history and symptomology data can be collected through an online patient registry, 446 effectively reducing the patient-ascertainment burden associated with studying rare disorders. 447
Taken together, these attributes make the present study an excellent complement to previously 448 published case reports on individuals with 3q29Del; by capturing a larger patient base with 449 systematic assessments, we are able to more accurately measure the presence of a variety of 450 neuropsychiatric and neurodevelopmental phenotypes associated with the 3q29 deletion. The 451 findings reported here imply that comprehensive neuropsychiatric and neurodevelopmental 452 assessments with gold standard tools are merited for individuals diagnosed with 3q29Del, and 453 that such assessments should be the standard of care for this patient population. 454
CONCLUSIONS 455
The present study confirms previous reports of phenotypes in 3q29Del, as well as 456 expanding the spectrum of behavioral phenotypes associated with the deletion. We found that 457 individuals with 3q29Del report a significantly higher prevalence of ASD diagnosis than the 458 general population, and significantly elevated scores on the SRS, SCQ, ASSQ, and CBCL/ABCL 459 irrespective of ASD diagnosis indicate significant social disability overall in our study 460 population. Further, 3q29Del participants showed a novel profile of ASD-related phenotypes on 461 the SRS sub-scales, marked by less impaired scores on the Social Motivation sub-scale and 462 extremely high scores on the Restricted Interests and Repetitive Behaviors sub-scale. This score 463 profile is consistent between 3q29Del males and females and between 3q29Del participants with 464 and without ASD, suggesting that it may be a hallmark behavioral feature of the syndrome and 465 providing a potential therapeutic inroad for the treatment of individuals with 3q29Del. Finally, we identify a high degree of social disability in female 3q29Del participants; the 3q29 deletion 467 elevates the risk ASD in females (OR=49.4, p=1.09E-05) more substantially than in males 468 (OR=24.6, p=6.06E-09), and standardized scores for female participants are not significantly 469 different from male scores. These results demonstrate that there is a benefit to studying rare 470 
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